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The terminal-zone effects on the dipole antenna driven by a two-wire transmission line 
have been re-examined. A series inductive correction Lg together with other terminal-zone 
corrections is found necessary to reduce the measured apparent admittance of the antenna 
terminating tlie two-wire line witli the ideal admittance of the dipole antenna when driven 
by a deha-funciion generator. The series inductive correction takes account of the absence 
of the antenna wire in the gmp between the two wires of tlie traFisniission line. 

With this additional correction, the measured apparent achniiinnce of a dipole antenna 
terminating a closely spaced two-wire line may be brought into excellent agreement with 
ideal theoretical values and also reconciled with the; quite different values measured with a 
coaxial line for an antenna consisting of the vertical inner conductor of the line extended over 
a horizontal ground plane. The results further show the utility of a delta-function generator 
in the definition of an ideal theoretical impedance of a dipole antenna. 



1. Introduction 

Theoretical aiial\ses oi" tlie center-driven dipoie 
antenna and of the l)ase-driven lialf dipole erected 
vertically on an infinite perfectly conducting gromul 
screen make use of idealized generators that eliminate 
the transmission line that is usnally ])resent in prac- 
tice. Recent work by Duncan and Hinche^^ [1960] 
and Wu [19G1] has posttdated a disconthuiity in the 
form of a delta-function in the tangential electric 
field at the driving point in the manner implicit in 
earlier work by Hallen [1938], King and Middleton 
[1946], and others. Chen and Keller [1962] have 
preferred a rotationally synnnelrical electric field 
maintained in an inisi)ecified way across a gap of 
finite width in the manner of Syjige [1948], Infeld 
[1947], and King and Winteriutz [1947]. Tlieoretical 
admittance of an antenna driven by either of these 
physically unavailable generators differs signifi- 
cantly from the apparent admittance of an antenna 
when connected as the terminating load for a 
physically available transmission line such as a 
coaxial line or a two-wire line. A rigorous solution 
of the two simultaneotis integral equations for the 
currents in a dipole anntena and in a feeding two- 
wire line is still unavailable. 

For line spacings tliat are not too large a fraction of 
a wavelength, a reasonably satisfactory approximate 
method has been devised [King, 1956a; King, 1955b; 
King, 1949 ; King, 1955c] which introduces a terminal- 
zone network to be used in conjunction witli the ideal 
admittance of the antenna and an ideal transmission 
line. By the ideal admittance I^o of the antenna is 
meant the admittance determined with a delta- 
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ftmction generator after the infinite susceptance due 
to the knife edges implicit in such a generator has 
been subtracted out — an analytically sophisticated 
process discussed in detail in the literature, [Wu and 
King, 1959; Duncan, 19()2]. An ideal transmission 
line is one with imiform line parameters even near the 
load. Tlie terminal-zone network t a Ives account of 
transmission-line end effects, of coupling between the 
antenna and the line, and of any other cliaracteristics 
of a small region near the junction of the transmission 
line and the antenna. 

An extensive systematic exjxM'imental study of 
the effect of tlie cross-sectional size of a coaxial line 
on the apparent impedance of the vertical monopole 
that it drives over a ground screen was made bv 
D. D. King [1946] and Hartig [1950]. (The earlier 
work of Brown and Woodward [1945] showed the 
effect of lumped positive capacitances in parallel 
with the antenna, bitt did not refer to the negative 
capacitive junction effect determined by the size 
of the coaxial line.) Their measur^nents are in 
quite good agreement with theoretical results ob- 
tained with a delta-function generator when a 
suitable corrective network is used. Moreover, they 
indicate that the measured apparent admittance 
Ysa of a half dipole that consists of the extended 
inner conductor (radius a) of a coaxial line (inner 
raditis of outer conductor b) approaches the theo- 
retical admittance Y^ derived with a delta-function 
generator as the ratio b/a approaches on(\ 

Although the terminal-zone problem of a (hpole 
antenna when center-driven b\^ a two-wire line (that 
consists of conductors of radius a separated by a 
distance b between centers) has been studied ex- 
tensively [King, 1956a; King, 1955b; King, 1949; 
King and King, D. D., 1945; Essen and Oliver, 
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1945], attention has been focused primarily on 
transmission-line end effect and coupling between 
antenna and line, which are the major contributors 
to the difference between Z^^ and Zq in the case 
of the monopole driven by a coaxial line over a 
ground screen. The significance of the gap at the 
center of the dipole when driven by a two-wire 
line — which has no counterpart in the monopole 
that consists of the extended and unbroken inner 
conductor of a coaxial line— has not been investi- 
gated experimentally in any definitive manner. A 
theoretical study of this gap is available [King and 
Winternitz, 1947], but a detailed comparison of its 
predictions of its measured values has not been made. 
In order to compare the measured driving-point 
admittance of an antenna terminatiag a two-wire 
line with the ideal admittance of a dipole antenna 
when driven by a delta-function generator, account 
must be taken of the following three effects: 

(a) Deviation of the inductance and capacitance 
per unit length and hence, of the characteristic 
impedance of a two-wire line of finite length 
near its end from the corresponding quantities 
characteristic of the infinitely long line. 

(b) Electromagnetic coupling between the trans- 
mission line and the antenna near their 
junction. 

(c) The absence of the conductor in the gap in 
the antenna between the two wires of the 
transmission line. 

The effects under (a) and (b) have been treated 
in the literature [King, 1956a; King, 1955b]. The 
effect (c) has been studied theoretically [King and 
Winternitz, 1947], but has not been included in a 
corrective network. This report is devoted pri- 
marily to a study of this important correction which 
may be surprisingly large, for the dimensions of the 
apparatus used in the measurements to be described, 
the correction for (c) was three times as large as 
that for (b). . . 

In the investigation three different methods were 
used and their final results compared. They are: 

(1) Repeated measurements were made with 
progressively reduced spacing b of the two-wire 
transmission line which fed the dipole antenna. The 
measured values of the apparent admittance termi- 
nating the line were extrapolated to determine the 
ideal limiting value for zero spacing, i.e., for b=2a. 

(2) The correction under (c) was calculated by 
simply taking the difference in the inductive re- 
actance between the antenna with half length h and 
that with half-length h—b/2. The distance from 
one end of the antenna to the other is 2h. The 
measured driving point admittance corrected for 
all the effects (a), (b), and (c) was compared with 
the King-Middleton second-order theory. 

(3) The measured apparent admittance of the 
dipole antenna with a gap was corrected according to 
Winternitz's theory [King and Winternitz, 1947] 
and then compared with the King-Middleton 
second-order theory. 

It was verified that the corrections applied in (2) 
and (3) are essentially the same. The zeroth-order 
correction in (3) could be reduced to the results of (2). 



2. Experimental Arrangement and 
Measured Admittances 

A detailed description of the apparatus used for 
measuring the ^admittance of a dipole antenna driven 
by a two-wire transmission line has been given 
elsewhere [lizuka. King, and Prasad, 1962]. The 
two-wire line and the dipole antenna were made of 
brass tubing with radius a=0.318 cm. The spacing 
b of the line was maintained at one of the values, 
6 = 0.79 cm, 6=1.27 cm, 6 = 3.11 cm by means of 
polyfoam spacers arranged along the transmission 
line. A continuous wave with a wavelength of 36 
cm (833.33 Mc/s) was used. The apparent terminal 
admittance of the dipole at the end of the line was 
measured for electrical half lengths in the range from 
I3h=0.7 through 6.8 (where /3=27r/A). These meas- 
urements were repeated for each of the three different 
spacings. The corresponding parameters are listed 
in table 1. 

Table 1. Parameters of the two-wire transmission line 



Case 


Spacing 


6/a 


fib 


Y*c 




cm 




Bad 


Millimho 


I 


0.79 


2.5 


0.138 


12.02 


II 


1.27 


4.0 


.222 


6.33 


III 


3.n 


9.0 


.543 


3.79 



*Vc is the characteristic admittance of the two-wire transmission line. 

In figure 1, the measured apparent terminal 
admittances as measured on a line with 6/a=4.0 are 
compared without modification or correction with 
the King-Middleton 2d-order theory [King, 1955b] 
and Wu's theory [1961] as a function of the electrical 
half length ^h. These admittances are converted 
into the equivalent impedances shown in figure 2. 

It is observed in figure 1 that the amplitudes of 
the oscillation of the experimental curves of both the 
conductance G and the susceptance B are not only 
smaller than those of the theoretical curves, but also 
that both of the experimental curves are shifted 
slightly towards larger values of jSh. The entire 
measured susceptance curve is much lower than that 
predicted by theory. Similar observations can De 
made with regard to the impedance curves in figure 
2 except that the amplitudes of the oscillations of the 
experimental curves of both the resistance R and the 
reactance X are larger than given by theory. 
From these curves, it should be clear that a mere 
plotting together of theoretical and experimental 
results may be very misleading. The measured 
apparent admittance includes all end effects which 
can be approximated by a shunt lumped susceptance 
AJ5, and a lumped series reactance AX. In effect, 
AB moves the entire susceptance curve vertically 
while AX contracts the amplitudes of oscillation of 
the measured apparent admittance Ysa=Gsa+jBsa' 
The reason is as follows: the apparent admittance is 
given in terms of the ideal antenna impedance R and 
X: 

Gsa= T^9 I / T^ T^i^T^ (1) 



Bs, 



R' + (X-AXy 
R' + (X-AXy^ 



AB. 



(2) 
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►--• EXPERIMENTAL WITHOUT CORRECTIONS 
FOR b/o = 4 

WU'S THEORY 

KING-MIDDLETON THEORY 




Figure 1. Measured driving-point admittance of the dipole 
antenna driven by the two-wire line of b/a=4 without corrections. 

First, it is obvious that AB slides the entire 
susceptance curve by the amount AB. Second, it is 
seen from (1) and (2) that the vahie of I3h whicli gives 
the maximum Gga is shifted from the vicinity of ^hr 
to that of phs where X{^hr)=0 and X{l3hs) = AX, and 
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Figure 2. Measured driving-point impedance of the dipole 
antenna driven by the two-wire line of b/a=4 without correc- 
tions. 

the value of the maximum becomes 

(G^Jmax=;^p;^ (3) 

and R(fihs)yR(phr) or {Gsa)max<.Grnax- Heuce, the 
amplitude of the oscillations of the measured 
apparent conductance is smaller than that of the 
ideal conductance. The susceptance behaves in a 
similar manner. 
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3. Terminal-Zone Corrections 

The modifications made in many instances on the 
measured driving-point admittance of the dipole 
antenna driven by a two-wire transmission Hne have 
been due to (A) the change of the characteristic 
impedance of the two-wire transmission hne toward 
the end of the hne, (B) the electrical couphng 
between the antenna and transmission line. The 
inductive part of the effect (A) can be approximated 
by a lumped series inductor L^ and capacitive part 
of (A) together with the effect (B) by the lumped 
shunt capacitor Ct (note that there is no inductive 
coupling between the antenna and the transmission 
line since the antenna and the line are mutually 
perpendicular). Approximate formulas for L^ and 
Ct are found in King [1955b]. The values of 
Ct, (joCt, Lt, and ooLt appropriate for the present 
case are in table 2. 

Table 2. Lumped elements for terminal-zone corrections 





henry.- 

ohm.. 

farad— 

- mho— 


6/a=2.5 


6/a=4 


6/a=9 


Lt 

coZ-r 

Ct 

uCt 


-0.95X10-9 
-5.0 

-0.56X10-12 
-2.9X10-3 


-1.9X10-9 
-10.0 

-0.28X10-12 
-1.5X10-3 


-5. 1X10-9 
-26.6 

-0.26X10-12 
-1.4X10-3 



The experimental results were modified in the 
conventional manner using the results in table 2. 
The measured admittance with corrections, coLt and 
o)Ct are shown in figure 3 and the equivalent imped- 
ances in figure 4. It is seen in figure 3 that the 
extreme values of both G and B are still smaller, 
especially in the range /3A<27r than the corresponding 
King-Middle ton theoretical results. The shift of 
the entire curve toward larger values of jSh is still 
evident. These partially corrected experimental 
results might be interpreted to provide an excellent 
verification of Wu's theory at the shorter lengths 
rather than of the King-Middleton 2d-order theory, 
even though the asymptotic nature of Wu's analysis 
suggests decreasing accuracy as the length of the 
antenna is reduced, and the King-Middleton results 
have been verified by measurements with a coaxial 
line [King, D. D., 1946, Har tig, 1950]. Evidently, 
an additional correction is required to take account 
of the fact that the antenna is not a continuous 
conductor of length 2h with a discontinuity in scalar 
potential at the center but has a spacing b. 

4. Measurements With Progressive Spacing 
of the Two- Wire Line 

A simple and convincing experiment to show the 
necessity of an additional correction to take account 
of the absence of the antenna wire in the gap between 
the two wires of the transmission line consists in the 
repeated measurement of the admittance of the 
antenna as the spacing of the conductors of the two- 
wire line is decreased. The measured admit- 
tance with three spacings when corrected for the 
shunt capacitances Ct in table 2 is shown in figure 5. 




Figure 3. Measured driving-point admittance of the antenna 
corrected in the conventional way with b/a=4. 

Since the present purpose is to obtain the extrap- 
olated values of admittance, there is no necessity 
to make a correction for Lt which becomes smaller 

with a decrease in spacing: Lt= — ^^ — and in the 

—3 ohms. The 



27rj^" 



limit at b=2a is only ir= 

line spacings were b/a=2.5, bla=4:, and b/a=9, 
(The widest spacing, b/a=9, is rather large for the 
two-wire line to be considered as a conventional 
transmission line, since the value of ^b for this case 
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FiGUEE 4. Measured driving-point impedance of the antenna 
corrected in the conventional way with b/a=4. 



is /36=0.54 which does not satisfy the condition 

imposed in the reduction of the Maxwell^s equations 
to the telegraphist^s equations [King, 1955a].) It 
is observed that as the spacing of the wires was 
reduced, the oscillation in the amplitudes of both 
the conductance and the susceptance curves in- 
creased and approached the curve of the King- 
Middleton 2d-order theory. In order to make the 
extrapolation, the conductance was replotted in 
rectangular coordinates as a function of the spacing 
ratio hja in figure 6(a) and the susceptance in figure 
6(b). The conductance and susceptance curves of 
the extrapolated values are compared with King- 
Middle ton 2d-order theory in figures 7(a) and 7(b). 
Note that when account is taken of the proximity 
effect, [King, 1945], the extrapolation must be taken 
to b/a=2, which is the limit where the transmission 
lines make contact with each other (not to the value 
6/a=0). 

Both conductance and susceptance curves which 
were extrapolated to the spacing bla=2 show good 
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Figure 5. Driving-point admittance of the antenna with 
various spacings of the two-wire trans7nission line. 




SPACING OF WIRE ^ 




(a) 

Figure 6. The extrapolation of the measured driving-point 
admittance of the antenna. 

agreement with the theory except that the extrapo- 
lated conductance and susceptance are both slightly 
smaller near resonance and slightly larger near anti- 
resonance. 
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Figure 7. Extrapolated values of the admittance of the antenna. 

5. Zero-Order Correction for the Gap at the 
Driving Point 

The lumped series inductance Lg required to cor- 
rect the gap at the driving point may be calculated 
from a zero-order theory. The emf F of a delta- 
function generator that maintains the current / 
at the center of an antenna of lialf length h is to the 
zero-order approximation [King, 1956b]. 



V=-j^Icot0A 



(4) 



If the same antenna is driven with a small separation 
b/2 at the center and the current is to remain the 
same as that of an antenna driven by a delta-function 
generator, the driving voltage must be different. To 
the zero-order, it should be 



V, 



fo^ 



/ cot ft 



(-1) 



(5) 



Tlie difference^AF between (5) and (4) is 
AV=^V,^2-V=- j^I {cot ^,(h-l^-cot M . (6) 

In other words, if a lumped impedance, -y = jcoLg, 

is inserted in eries with the antenna when its 
driving termhials are separated by a distance b, the 
current distribution along the antenna is the same 
as when the antenna is driven by a delta-function 
generator driven by the same voltage. 
The reactance Xg=ccLg is given by 

Xg=c^Lg=-^ |cot ^0 (h—^-cot M V (7) 

The value of o^Lg near the resonant length of the 
antenna is calculated, for instance, for case II in 
table 1 to be 



X, 



= coLg=— 30.6 ohms. 



(8) 






rLg 



(a) 



?Lt 




^Lg |l 
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2-Lt 2'-g 

Cr 
i^T iLg 
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Figure 8. Possible equivalent networks for the antenna driven 
by a two- wire line. 
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Figure 



Measured admittance curves corrected in three 
different ways. 



This is the lumped series reactance required to correct 
for the gap ; it must be combined with the corrections 
jcoCt and jo^Lt mentioned above. Of the six pos- 
sible combinations for connecting Ct, Lt, and Lg 
shown in figure 8, the equivalent circuit a in figure 8 
seems preferable from the physical point of view. 
However, convenience in computation makes the 
equivalent circuit 6 or 6 a better choice. Note that 
the use of lumped elements in a corrective network 
is a useful approximation only if the differences hi 
the use of the equivalent circuits in figure 8 are 
negligible. 

The apparent driving-point admittance with 
corrections for Ct, Lt, and Lg is shown in figure 9. 
In comparison with the admittance curves corrected 
only with Ct and Lt as shown in figure 4, the curves 
with all three corrections shown in figure 9 are in 
much better agreement with the King-Middleton 
theory. 



6. Evaluation of Lg by Winternitz's Theory 

A Maclaurin expansion of the expression for the 
driving-point admittance Y^ of the antenna with 
the base separation b=28 in the vicinity of ^8 = 
allows the impedance of the antenna to be expressed 
in terms of the admittance Yq of the antenna driven 
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' by a delta-function generator [King and Winternitz 
1947], [King, lOSGc). Tims, when ,85 is small. 



Yi=Y,+l35 






=F„(l-«) 



where 



or 



• ,_ 0o8rdY5l 



Gb='Gq(1- 



0-5, 



0€ 



Bs=Bo(l-e'') + Goe' 



(9) 



(10) 



(11) 

(12) 



values of e'' and e' for different thicknesses of the 
antenna were computed by [King and Winternitz 

1947]. The curves of — r— versus /JA and -^- versus 



^h, and the curves of Ro—Bg versus ^h and Xo—gX 
versus I3h are also avaihable [Ring and Winternitz^ 
1947; King, 1956c]. 

The measured apparent ch'iving-point achnittance 
for a line with b/a=4, was corrected with values 
obtained from the curves of Ro—Ng and Xo—Xg 
versus ph for 12 = 2 In (2h/a) = l0. (The vahie of 
^ for the antenna used in the experiment ranged from 
12=7.3 to 9.5.) The results are shown in figure 9 
together with the cxirves obtained by the other 
methods of correction. Actually, and as is readily 
verified, the correction made in section 5 is the same 
as that given by (11) if the zero-order admittance 
is used in the correction term. 



7. Comparison of the Corrections for the 
Gap Made in Different Ways 

The admittance curves obtained in three different 
ways are all shown in figure 9 together with the 
results of the King-Middleton theory. It is seen 
that tlie curves of both the conductance and the 
susceptance which were obtained empirically by 
extrapolation to zero line spacing show the best 
agreement with the theory. The extrapolated con- 
ductance, however, is larger than given by the theory 
in the range between ^h=l.S and ph=3.0. The 
extrapolated curves of the conductance and suscep- 
tance show an excellent agreement with the theor}^ 
near resonance; the curves obtained by either the 
series inductance Lg correction or the Winternitz 
2d-order correction yield smaller values than the 
theory in this region. Both the conductance and 
susceptance curves obtained b}^ the relatively simple 
series inductance Lg correction are not very different 
from those of the more compHcated Winternitz 
2d- order theory except in the small range near 
resonance. 



8. Conclusions 

It has been shown that the difference between the 
measured apparent admittance of (1) a dipole 
antenna driven by a two-wire line, and (2) a mono- 
pole antenna driven from a coaxial line over a 
ground plane, is due in large part to the absence of 
the conductance between the terminals of the dipole. 
It has also been shown that a series inductance Lg 
may be evaluated to correct this difference approxi- 
mately. Alternatively and somewhat more accu- 
rately, a correction may be made empirically if 
measured values are extrapolated to ^^zero" hue 
spacing. Apparent admittances corrected either 
theoretically with a suitable terminal-zone network 
of lumped elements Lg, Ct, and Lt or empirically, 
by extrapolation are shown to be in good agreement 
with theoretical values obtained with a hypothetical 
delta-function generator without laiife-edge capaci- 
tance. 



The authors are indebted to fruitful discussions 
with Professor T. T. Wu. 
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